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Abstract

Although the human tail is completely absent at birth, the embryonic tail is formed just as in other tailed
amniotes. Since all morphological variations are created from variations in developmental processes, elucidation
of the tail reduction process during embryonic development may be necessary to clarify the human
evolutionary process. The tail has also been of great interest to the medical community. The congenital
anomaly referred to as ‘human tail’, i.e. the occurrence of a tail-like structure, has been reported and was
thought to represent a vestige of the embryonic tail; however, this hypothesis has not been verified.
Accordingly, in this study, we aimed to establish a new method to visualize all somites in an embryo. We used
sagittal-sectioned embryos from Carnegie Stage (CS) 13 to (CS23. All samples were obtained from the
Congenital Anomaly Research Center, Kyoto University, Japan. Combining photomicroscopy and three-
dimensional reconstruction, we clearly visualized and labeled all somites. We found that the number of somites
peaked at CS16 and dramatically decreased by approximately five somites. Tail reduction with a decrease in
somites has also been observed in other short-tailed amniotes; thus, this result suggested the possibility that
there is a common mechanism for morphogenesis of short tails in amniote species. Additionally, our findings

provided important insights into the cause of the congenital anomaly known as ‘human tail’.
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Introduction

In primates, tail length varies greatly among species and
even among conspecific local populations, reflecting the cli-
mate, locomotion, and other environmental and phyloge-
netic factors. Tail length is considered an important feature
with respect to primate adaptation and phylogeny. Humans,
however, have completely lost their tails. During the evolu-
tionary process of humans, ancestral species with a long tail
[Aegyptopitecus zeuxis, approximately 33 million years ago
(Ma)] (Fleagle, 1998) and without a tail (Proconsul heseloni,
approximately 18 Ma, and Nacholapithecus kerioi, approxi-
mately 15.5 Ma) (Ward et al. 1991; Nakatsukasa et al. 2003,
2004) have been found in the fossil records; however, no
fossils of species connecting these animals have been found.
Therefore, it is unclear how humans lost their tails.
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Generally, all morphological variations observed in adults
are created from variations in developmental processes.
Thus, elucidation of the process and mechanism of tail
reduction during human embryonic development may clar-
ify the human evolutionary process. Although the human
tail is completely eliminated at birth, human embryos have
a distinct tail during development. Moreover, the human
tail is at first relatively long, but the length is then reduced
during embryonic development and disappears at the end
of the embryonic phase (Gasser, 1975). However, the actual
process through which embryonic tail reduction occurs has
not yet been clarified.

The human tail is interesting not only to biologists but
also to the medical community. The rare congenital anom-
aly referred to as ‘human tail’ has been reported in infants,
manifesting as the occurrence of a tail-like structure from
the lumbar to anus region. Based on its morphology and
content, many classifications have been proposed (Virchow,
1884; Harrison, 1901; Dao & Netsky, 1984; Kansal et al.,
2010; Katsuno & Horisawa, 2008). Most classifications, how-
ever, focus on the presence of vertebrae within the tail and
have regarded this feature as one of the most important
morphological aspects. According to these studies, the
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'human tail’ can roughly be divided into two types: ‘true
tail’ with some vertebrae or bony elements inside, and ‘cau-
dal appendage’ or ‘pseudotail’ without any bones. Notably,
Harrison (1901) explained this as a vestige of the embryonic
tail and stated that the human embryonic tail consisted of
the ‘vertebral portion’ (proximal region of the tail with
some vertebrae) and ‘caudal filament' (distal region of the
tail with only mesenchymal tissue inside). Additionally, the
‘true tail’ would occur only when the entire of embryonic
tail failed to disappear, whereas the ‘pseudotail’ would be
produced when the ‘caudal filament’ failed to disappear.
This hypothesis has been described for over 100 years (Dao
& Netsky, 1984; Yoshioka et al. 2001; Shad & Biswas, 2012;
Tubbs et al. 2016) but has not yet been confirmed.

As is described above, tail reduction in humans has
attracted interest from researchers in various fields. To
understand the tail reduction process during human embry-
onic development, analysis of the transition in the num-
ber of the somites, i.e. vertebral primordia, is essential.
However, few studies have examined this issue. Kunitomo
(1918) focused on tail reduction during human embryonic
development, evaluating total somite numbers in 44 sagit-
tal-sectioned samples from the Carnegie Collection. Unfor-
tunately, the Carnegie Stage (CS) had not been defined at
that time, and thus, the developmental stage was expressed
as the embryonic crown-rump lengths (CRLs). The CRLs of
the samples varied from 4.0 to 125.0 mm, and the longest
tail was observed in a 7.5-mm embryo. Moreover, the
human tail was found to consist of two parts: a proximal
longer part (the vertebrate tail) and a caudal shorter part
containing only a mesodermal remnant. The tail-like appen-
dage occasionally found in adults may be explained as a
persistence of the caudal parts. The method, however, was
not accurate with regard to counting the number of
somites, and median sections were collected for observation
of somites, despite the observation that the embryonic tail
generally excurses left or right in amniotes, including
humans. Thus, it is almost impossible to observe and count
all somites in the tail, even by observation of median sagit-
tal sections. O'Rahilly & Meyer (1979) reported the transi-
tion of the number of pairs of somites during human
embryonic development from CS7 to CS23. They combined
previous findings and data and reported that the number
of pairs of somites tended to increase from CS7 and peaked
between CS15 and CS17. The numbers of somites at each
CS, however, were not necessarily specified, and most of
the data were cited from previous studies published in the
early 1900s. In particular, descriptions of the numbers of
somite pairs from CS13 to CS23 are scarce. Specific data
were available only for CS13 and CS15, but these data were
from references in 1905 and 1901, respectively (Barden &
Lewis, 1901; Gage, 1905). These previous studies counted
the number of somites by superficial observation or obser-
vation of sectioned samples, which was not suitable for
counting all somites, particularly in the tail.
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Thus, in this study we established a new method to visu-
alize all somites in an embryo. Using real human embry-
onic specimens, we examined how humans lost their tails
during development through investigating the transition
in the number of somites during every developmental
stage.

Methods

Human embryonic specimens

All samples used in this study were a part of the Kyoto Collection
housed at the Congenital Anomaly Research Center of Kyoto
University in Japan (Nishimura et al. 1968; Shiota, 1991; Yamada
et al. 2004). This collection comprises about 44 000 human
embryos. Most of these samples were obtained by termination of
the pregnancy during the first trimester for social or economic
reasons under the Maternity Protection Law of Japan. Approxi-
mately 20% of the specimens were intact, and some were stored
as serial-sectioned and stained specimens. In this study, we used
42 human embryonic specimens from CS13 to CS23 (Table 1). All
samples were sagittal-sectioned and stained with hematoxylin
and eosin.

Ethical considerations

The use of human embryonic specimens for research purposes was
approved by the Ethics Committee of the Graduate School of Medi-
cine and the Faculty of Medicine, Kyoto University (approval num-
ber: R0316, R0347).

Visualization and counting of somites

Serial-sagittal sections (10 um thick) of whole-body embryos were
imaged using photomicroscopes (Keyence All-in-One Fluorescence
Microscope BZ-9000; Olympus virtual slide system VZ120) at 2x
magpnification. The two-dimensional images were trimmed digitally
using Imace)64 (ver. 1.48; National Institutes of Health, Bethesda,
MD, USA). Trimmed images were saved as BirMar (bmp) files,
aligned manually, and reconstructed three-dimensionally in Amira
software (ver. 6.0.1; Visualization Sciences, Berlin, Germany). After
labeling and alignment of all somites, all somites in embryos were
successfully visualized, as shown in Figs 1 and 2.

Table 1 Human embryonic specimens used in this study.

Stage

Cs13
cs14
Cs15
Cs16
cs17
Cs18
Cs19
CS20
Cs21
S22
Cs23
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Definition of the ‘tail’ in this study

Previously, the human tail had been defined as the portion of the
embryo that projects freely beyond the trunk (Harrison, 1901); how-
ever, this definition did not define the trunk and was not specific.
In this study, we defined ‘tail’ as an elongated trunk posterior to
the cloaca, as in other amniotes. The cloaca or anus is generally
positioned at the base of the hind limbs in humans. Thus, we
defined the ‘caudal region’ as the region posterior to the midpoint
of the base of hind limb buds (Fig. 1). After CS18, when the chon-
drogenesis starts, this point corresponds to the femoral head. Our
definition is more specific and nearly consistent with the previous
definition described by Harrison (1901). Through three-dimensional
(3D) reconstruction of all somites in an embryo, we counted the
number of somite pairs both in the caudal and precaudal regions.

Results

The numbers of pairs of somites during development are
shown in Table 2, Figs 2 and 3. The total number of somite
pairs increased linearly from CS13, at which time there were
30 pairs of somites, and peaked at CS16 (39-41 pairs). The
number of pairs was then reduced by four or five between
CS16 and CS17. After CS17, the number of pairs of total
somites did not change dramatically. Within each develop-
mental stage, the number of pairs of total somites varied by
approximately two or three pairs, although CS14 tended to
have more variation (typically seven pairs).

In the precaudal region, the number of pairs of somites
tended to increase from CS13 to CS17 and peaked at CS17,
with 24-27 pairs, after which there was little reduction in
the number of somites. Variations of two or three pairs of
somites were observed within each stage.

Precaudal

5 mm
|

Fig. 1 Definitions of caudal and precaudal region in this study. Repre-
sentative view of a whole-mount human embryonic sample (CS17, no.
13042). The tail tip is concealed behind the left hind limb (A) and in a
3D reconstructed sample, the tail tip is shown with a white dashed
line (B). The red line indicates the midpoint of the base of the hind
limb bud (after CS18, this point corresponded to the head of the
femur). We defined the caudal region as the posterior area with
regard to the red line, and the precaudal region was defined as the
anterior area with regard to the red line.

The transition in the number of pairs of caudal somites
showed a tendency similar to that of the total number of
somite pairs. Specifically, there was a gradual increase from
CS13, with a peak at CS16 of 13-16 pairs of caudal somites.
However, there was then a dramatic decrease between
CS16 and CS17 of about five pairs of caudal somites, after
which the number of caudal somite pairs did not change
much, remaining at 7-11 pairs in the caudal region. The
number of pairs of caudal somites also varied by two or
three pairs within the each developmental stage.

Discussion

This is the first study that has succeeded in visualizing all
somites in the human embryo using three-dimensional (3D)
reconstruction methods. We also reported variations in the
number of pairs of somites within each developmental
stage. Our findings provided important insights into human
development that are expected to be useful for researchers
in biological and medical fields.

Mechanism of tail
development

reduction during embryonic

Our findings provided important information for clarifying
the short-tail morphogenetic mechanism, which may be
commonly preserved among amniote species, including
humans.

In this study, we found that the number of pairs of caudal
somites tended to increase gradually with developmental
progress, peaking at C516. Consistent with these findings, a
previous study reported that the number of somites peaked
between C15 and CS17 (O'Rahilly & Meyer, 1979). More-
over, previous studies have shown that the transition in the
number of somite pairs is related to the presence or loss of
occipital somites. Sensenig (1957) reported that there were
four or five occipital somites that disappeared at C517. Gas-
ser (1975) showed that one of four occipital pairs of somites
disappeared at 5 weeks, and the rest of somites then fused
together at 6 weeks. O'Rahilly & Meyer (1979) reported the
transition in the number of pairs of total somites and stated
that the number of somite pairs increased because of the
presence of occipital somites or decreased because of the
loss of these somites. However, our findings revealed that
both precaudal and caudal somite pairs increased during
development. In contrast, a decrease in the number of
somite pairs was observed only in the caudal region. The
loss of occipital somites should have occurred during CS15
and CS17, but no reduction in somites was observed during
these stages because the number of somites, which
increased during somitogenesis, was larger than the
number of lost occipital somites. Although the number of
precaudal somites did not change after the peak, the num-
ber of caudal pairs of somites decreased substantially
between CS16 and CS17. This result suggested that the
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Fig. 2 Three-dimensional reconstructed human embryonic specimens from CS13 to CS23 with all somites visible. To make it easier to visualize the

somites, all specimens are shown as the same size.

number of somites decreased not in the precaudal region
but in the caudal region.

Apoptosis may be related to caudal somite reduction.
For example, Fallon & Simandl (1978) performed supravi-
tal staining of human embryos with neutral red or bril-
liant cresyl blue and visualized phagocytized vacuoles by
macrophages. They found active apoptosis at the tail
after CS16 and concluded that the human embryonic tail
was reduced by apoptosis. Indeed, a rapid and substantial
decrease in caudal somites also occurs between CS16 and
CS17, and this event may be caused by apoptosis. More-
over, Tojima (unpublished data, 2017) observed the tran-
sition in the number of somite pairs in chicken embryos
as well. Among amniotes, the mechanism of axis elonga-
tion and somitogenesis is highly preserved. In chicken
embryos, a similar event, i.e. a rapid and substantial
decrease in caudal somites almost by five pairs, was
observed as well (Tojima, S. unpublished data, 2017).
Tojima also examined whether the apoptotic signal
increased when the caudal somites decreased. Both
immunohistostaining of active caspase3 and supravital
staining of macrophages by Nile blue were performed,
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and the apoptotic signal was found to increase when the
caudal somites decreased, similar to the results in chicken
embryos.

sis

embryonic

Many genes related to axis elongation and somitogene-

may be involved in tail reduction during human
development. In particular, Wnt-3a and

Hoxb13 may be important molecules for determining the
number of caudal somites and tail length. Greco et al.
(1996) showed that Wnt-3a*~ mice had an extremely

shortened tail. Additionally,

Economides et al. (2003)

showed that Hoxb13-knockout mice had longer tails and
two additional caudal vertebrae. Other genetic studies of
short-tailed cat breeds have also revealed that T-box
genes (Brachyury) are related to the short-tail phenotype

in

the ‘tail-less’ Manx breed (Buckingham et al. 2013) and

that HES7 contributes to the phenotype of Asian bobtail
cats (Xu et al. 2016). Other genes that are important for
somitogenesis and axis elongation, such as the genes
encoding fibroblast growth factor (FGF; Olivera-Martinez

et

al. 2012; Bénazéraf & Pourquié, 2013), Notch, and reti-

noic acid receptor (Bénazéraf & Pourquié, 2013), may also
affect tail morphology.
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Table 2 Number of total, precaudal, and caudal somite pairs.

CR No. of No. of
length No. of  precaudal caudal
Stage n (mm) somites somites somites
13 10756 4.2 30 21 9
14 542 7.4 35 23 12
14 677 7 34 21 13
14 764 7.3 38 25 13
14 1070 7.5 32 21 11
14 2271 7.2 31 24 7
14 10 774 8.2 35 24 11
14 14 654 NA 34 21 13
15 1298 8.7 35 23 12
16 845 9.2 41 26 15
16 10 974 8.9 39 23 16
16 12760 9.7 39 26 13
16 13 640 8.4 40 24 16
16 14114 11.2 39 23 16
16 14394 99 40 24 16
17 659 12.8 35 25 10
17 1008 10.8 36 24 12
17 11 858 10.1 38 27 11
17 12 366 12.1 39 27 12
17 13042 11.2 35 26 9
17 14398 11.1 35 27 8
18 895 9.9 35 25 10
18 7277 12.4 35 24 11
18 10 309 13.7 37 26 11
18 17 418 15.2 36 26 10
19 923 NA 34 27 7
19 12 172 181 36 26 10
19 17292 15.7 34 24 10
20 567 20.8 35 27 8
20 806 NA 37 26 11
20 1219 193 35 26 9
20 10 344 19.1 34 25 9
20 17 268 16.8 37 26 11
21 2021 214 34 25 9
21 7316 22.2 34 25 9
21 14 831 20.5 31 25 6
22 3147 24.2 35 25 10
22 3332 241 34 25 9
22 6225 214 34 24 10
22 10 642 18.9 34 26 8
22 15768 22.8 35 25 10
23 4381 26.3 31 24 7

Is the 'human tail’ really a vestige of the embryonic
tail?

In this study, we also demonstrated that the previous
hypothesis regarding the cause of the 'human tail’ is partly
incorrect. Previous studies have suggested that this anomaly
may be caused by failure of the disappearance of the
embryonic tail (Harrison, 1901). In particular, the ‘pseudo-
tail’ without vertebrae inside has been explained as a ves-
tige of the ‘caudal filament’, a vertebra-less region at the
tip of the tail. However, we found that caudal somites were

Total N of somites

T T T T T T T T T T T
CS13 CS14 CS15 CS16 CS17 CS18 CS19 €S20 CS21 (S22 (CS23

Carnegie stage

N of caudal somites

T T T T T T T T T T T
CS13 Cs14 CS15 Csl6 CS17 CS18 CS19 €S20 CS21 CS22 CS23

Carnegie stage

e

26
|

25
1

N of precaudal somites

2

21

T
CS13 CSl4 CSIS CSI6 CS17 CSI8 CS19 €S20 CS21 CS22 CS23
Carnegie stage

Fig. 3 Transitions in the number of somite pairs during development.
Three plots show the transition in the total number of somite pairs
(A), the number of caudal somite pairs (B), and the number of precau-
dal somite pairs (C). In all graphs, black dots indicate the mean num-
ber of somite pairs in each stage. The bars above and below the black
dots show the standard deviations.
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distributed throughout the tail to the tip during develop-
ment; thus, we showed that the ‘caudal filament' without
bony elements (somites) was not actually present. Accord-
ingly, we concluded that Harrison's hypothesis regarding
the cause of the ‘pseudotail’ as a vestige of the embryonic
tail was not correct. Additionally, to determine whether the
‘true tail’ was a vestige of the embryonic tail, more informa-
tion regarding the number of total vertebrae and presence
of skeletal muscle fibers homologous to caudal musculature
is needed. Unfortunately, most previous reports have lacked
such information; thus, it is still unclear whether the ‘true
tail’ is derived from the embryonic tail.
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